Background: Tumor necrosis factor ␣ (TNF␣) impairs insulin signaling in the retina. Results: Pioglitazone reduced TNF␣-and SOCS3-activated insulin resistance pathways in retinal cells as well as in lysates from whole rat retina. Conclusion: PPAR␥ regulates insulin signaling in retina. Significance: Increased understanding of retinal insulin signaling may lead to new therapies for type 2 diabetes.
Rates of type 2 diabetes are expected to continually increase due to increased obesity worldwide (1) . In order to best treat these patients, we need to understand both systemic and organspecific changes related to diabetes and the mechanisms by which therapeutics offer potential treatment. Because diabetic retinopathy is a debilitating complication of both type 1 and type 2 diabetes, it is particularly important to understand how treatments for controlling systemic glucose might affect retinal function. Peroxisome proliferator-activated receptor ␥ (PPAR␥) 2 agonists, such as rosiglitazone or pioglitazone, have been commonly prescribed for systemic glucose control, yet their effects on retinal function have yet to be established. Systemic effects of these drugs show promise for treatment of diabetes based on their ability to increase insulin sensitivity, modify lipid profiles, decrease blood pressure, and decrease inflammatory mediators (2) (3) (4) .
Cell-specific effects of the PPAR␥ agonist pioglitazone have been reported in adipocytes, indicating that treatment eliminates TNF␣-induced insulin resistance (5) . It has also been shown that pioglitazone increases IRS-1 levels in muscle and liver lysates from streptozotocin-treated rats or rats fed a high sucrose diet (6) . An important but unresolved question is whether PPAR␥ agonists alter interactions between TNF␣ in two retinal cell types, retinal endothelial cells (REC) and Müller cells, known to be pivotal in the development of diabetic retinopathy.
We hypothesize that pioglitazone inhibition of TNF␣ actions may be key in its potential protective effects in diabetic retinopathy, because TNF␣ has been linked to insulin resistance in other tissues. Results from our laboratory and others have indicated that diabetes increases TNF␣ levels, which in turn triggers apoptosis of retinal cells and leads to diabetic retinopathy (7, 8) . Use of TNF␣ receptor knock-out mice to investigate * This work was supported, in whole or in part, by National Institutes of whether diabetes-induced increase in TNF␣ in the retina is key to diabetic retinopathy showed that loss of TNF␣ protected the retina against the effects of high glucose on formation of degenerate capillaries and pericyte ghosts, two key markers of vascular damage in early diabetic retinopathy (7) . Also, we have recently shown that TNF␣ can induce phosphorylation of IRS-1 on serine 307 to block Akt activity, leading to apoptosis in both REC (9) and Müller cells (10) . Increased understanding of pioglitazone actions on TNF␣ may provide novel insight into mechanisms by which TNF␣ can induce insulin resistance in retinal cells.
In addition to directly regulating insulin resistance through phosphorylation of IRS-1, TNF␣ also increases SOCS1/SOCS3 levels (11) , which in turn blocks IRS-1, resulting in increased REC apoptosis (9) . SOCS3 is also reported to inhibit insulin signaling by other potential mechanisms as well, including increased phosphorylation of insulin receptor on tyrosine 960 (IR Tyr-960 ), which inhibits the interaction between insulin receptor and IRS-1 (12) . We recently have shown that SOCS3 can also directly regulate TNF␣, 3 suggesting a cross-talk between TNF␣ and SOCS3 pathways that may induce insulin resistance. Of particular interest is the report that PPAR␥ agonists decrease both SOCS3 and TNF␣ in hepatic tissues in rats fed a high fat diet (13) .
The goal of this study was to investigate whether pioglitazone could restore insulin signal transduction through reduction of TNF␣/SOCS3 pathways in REC and Müller cells in vitro and in a type 2 diabetic rat model, BBZDR/Wor, in vivo. The data demonstrate that pioglitazone normalized glucose blood levels in obese diabetic rats and improved retinal function measured by electroretinogram amplitudes. Additionally, pioglitazone reduced TNF␣ and SOCS3-activated insulin resistance pathways, including phosphorylation of IRS-1 on serine 307 and insulin receptor on tyrosine 960, in REC and Müller cells, as well as in lysates from whole rat retina. This reduction in TNF␣/SOCS3 was associated with reduced apoptotic proteins and increased levels of Akt and Bcl-xL, two key antiapoptotic proteins.
MATERIALS AND METHODS
Animals-BBZDR/Wor lean (10 male) and obese rats (10 male) were purchased from Biomedical Research Models (Worcester, MA). Glucose measurements were taken weekly, and once obese rats reached a glucose of Ͼ250 mg/dl, an initial electroretinogram (ERG) was taken prior to treatment initiation. Five lean and five obese rats were placed into treatment groups and received a daily intraperitoneal injection of 25 mg/kg pioglitazone for 2 months. After 2 months of treatment, animals in all four groups (lean, lean ϩ pioglitazone, obese, obese ϩ pioglitazone) underwent an additional ERG prior to sacrifice.
The BBZDR/Wor rat model of type 2 diabetes has been used for studies of autonomic neuropathy (14, 15) , myogenic tone of the ophthalmic artery (16) , and vascular damage repair using endothelial cell progenitors (17) . The BBZDR/Wor rat was produced using the BBZDP/Wor (BB rat with an Iddm2 type 1 genetic locus) and mating with lean BBZ/Wor rats (BB rat with Zucker diabetic gene) to remove the Iddm2 locus. The obese male BBZDR/Wor rat spontaneously develops type 2 diabetes at 10 weeks of age (100%) when fed standard rat chow (18, 19) . The obese BBZDR/Wor rat is lymphopenic, hyperinsulinemic with peripheral insulin resistance and develops spontaneous autoimmune non-insulin-dependent diabetes mellitus at an age of 70 days (18) . Results in the oxygen-induced retinopathy model and the STZ model using endothelial cell progenitor cells suggest that the BBZDR/Wor rat is a good model of type 2 diabetic retinal changes (17) .
ERG-Prior to sacrifice for protein analyses, animals were subjected to ERG analyses to evaluate the changes in the electrical activity of the retina as we have described previously (20, 21) . Briefly, rats were dark-adapted overnight. ERG responses were recorded from both eyes together using platinum wire corneal electrodes, a forehead reference electrode, and a ground electrode in the tail. Pupils were fully dilated using 1% tropicamide solution (Alcon). Methylcellulose (Celluvise, Allergan, Irvine, CA) drops were applied as well to maintain a good electrical connection, and body temperature was maintained at 37°C by a water-based heating pad. All ERG experiments were approved by the University of Tennessee Institutional Animal Care and Use Committee on Protocol 1992. ERG waveforms were recorded with a bandwidth of 0.3-100 Hz and samples were recorded at 2 kHz by a digital acquisition system and analyzed by a custom-built program (MatLab). Statistical analysis was applied to the mean Ϯ S.D. amplitudes of the Aand B-wave of each treatment group. Comparisons were made of ERG amplitudes, but implicit times were not measured.
Retinal Endothelial Cells-Primary human REC were obtained from Cell Systems Corp. (Kirkland, WA). Cells were grown in M131 medium containing microvascular growth supplements, 10 g/ml gentamycin, and 0.25 g/ml amphotericin B (Invitrogen). Before the experiments, cells were transferred to high glucose (25 mM) medium or maintained in normal glucose (5 mM) medium and grown to 80% confluence. Primary cells (passages 2-4) were used. Cells were quiesced by incubating in high or normal glucose medium without growth factors for 18 -24 h and then treated with 25 M pioglitazone for 24 h.
Müller Cells-Rat retinal Müller cells (rMC-1; courtesy of Vijay Sarthy, Northwestern University) were grown in 5 or 25 mM glucose DMEM (HyClone Laboratories, Logan, UT) supplemented with 10% FBS and antibiotics. Cells were cultured to 80% confluence (2-4 days), and then cells were starved for 18 -24 h by reduction to 2% FBS in the growth medium to eliminate any residual growth factors in the serum. We chose to reduce serum to 2% rather than remove it completely, in order to eliminate activation of apoptotic pathways. We have used this method in the past for measurements of TNF␣ and insulin pathways (22) . In preliminary studies, we initiated work in Müller cells using 25 M pioglitazone because this was effective in increasing PPAR␥ activity in REC experiments; however, this dose did not significantly increase PPAR␥ activity in Müller cells. Therefore, we increased the dose to 50 M pioglitazone in Müller cells and found significantly increased PPAR␥ at this dose ( Fig. 7) , so 50 M pioglitazone was used for all further work.
PPAR␥ Antagonist-Both REC and Müller cells were treated with T0070907 prior to pioglitazone treatment to verify that pioglitazone actions on the cells were specific to PPAR␥ actions. T0070907 is a highly selective PPAR␥ antagonist. Cells were treated at 50 nM (23) for 30 min prior to pioglitazone administration, as described above. The dose used to inhibit PPAR␥ activity in our system is much lower than reported in other studies (ranging from 1 to 50 M).
Western Blotting-After appropriate treatments and rinsing with cold phosphate-buffered saline, whole retinal lysates or cell lysates were collected in lysis buffer containing protease and phosphatase inhibitors and scraped into the tubes. Protein extracts were prepared by sonication. Equal amounts of protein from the cell or tissue extracts were separated on the precast Tris-glycine gel (Invitrogen), blotted onto a nitrocellulose membrane. After blocking in TBST (10 mM Tris-HCl buffer, pH 8.0, 150 mM NaCl, 0.1% Tween 20) and 5% (w/v) BSA, the membrane was treated with appropriate primary antibodies followed by incubation with secondary antibodies labeled with horseradish peroxidase. Antigen-antibody complexes were detected by a chemiluminescence reagent kit (Thermo Scientific). Primary antibodies used were SOCS3, phosphorylated IRS-1 (Ser-307), total IRS-1, phosphorylated Akt (serine 473), Akt, cytochrome c, Bax, Bcl-xL, phosphorylated insulin receptor (tyrosine 1150/1151), and insulin receptor (all purchased from Cell Signaling, Danvers, MA). Insulin receptor phosphorylated on tyrosine 960 was purchased from Cell Applications (San Diego, CA). PPAR␥ antibody was purchased from R&D Systems (Minneapolis, MN). ␤-Actin was purchased from Santa Cruz Biotechnology, Inc.
PPAR␥ Transcription Factor Assay-PPAR␥ activity was determined with the ELISA-based PPAR␥ transcription factor assay kit (Abcam, Cambridge, MA) following the manufacturer's protocol. In brief, 100 g of nuclear extract from retinal endothelial cells and Müller cells was added to each well of a 96-well plate precoated with a specific double-stranded DNA (dsDNA) sequence containing the peroxisome proliferator response element (PPRE). The wells were incubated overnight at 4°C without agitation. Specific primary antibody directed against PPAR␥ was added, followed by HRP-conjugated secondary antibody. PPAR␥ was detected with sensitive colorimetric readout at 450 nm after the addition of developing and stop solution.
ELISA Analyses-A TNF␣ ELISA (Fisher) and IGFBP-3 ELISA (R&D Systems) were used according to the manufacturer's instructions. Fifty g of protein was used to ensure equal protein amounts in all wells. A cleaved caspase 3 ELISA was purchased from Cell Signaling (Danvers, MA) with equal protein loaded, so optical density measurements can be used for analyses.
Statistics-For all experiments, excluding ERG studies, data are presented as means Ϯ S.E. Five animals were used in each group for all in vivo experiments. At least four separate dishes of each treatment were used for all cell culture experiments. Data were analyzed by a Kruskal-Wallis test, followed by a post hoc Dunn's test. A representative blot is shown for Western blot results.
RESULTS
Pioglitazone Treatment Improved the Glucose Levels of Obese Rats, with No Change in Intraocular Pressure or Body Weight-Within 1 week of daily treatment with 25 mg/kg pioglitazone, the BBZDR/Wor obese rats had glucose levels similar to those of lean animals, which were maintained throughout the remainder of the 2-month study ( Table 1 ). Treatment of lean and obese rats with pioglitazone did not alter intraocular pressure levels. Pioglitoazone increased the weight of the obese animals by 36% (Table 1 ). We measured intraocular pressure to ensure that pioglitazone did not produce deleterious effects in the eye. This suggests that although pioglitazone did not decrease the obesity of the rats, it was still highly effective in lowering blood glucose levels.
Pioglitazone Treatment Significantly Increased PPAR␥ Activity in Whole Retinal Lysates of BBZDR/Wor Obese Rats-To ensure that pioglitazone was working through expected pathways in the retina, we measured PPAR␥ levels in the retina of all animals. We had to use a Western blot for this assay because we only had whole retinal lysates from the animals and could not isolate the nuclear extract as we did for cell culture work. PPAR␥ levels were decreased in retinas from untreated type 2 diabetic BBZDR/Wor obese rats but were significantly increased in retinas from both lean and type 2 obese rats treated with pioglitazone ( Fig. 1 ), demonstrating that systemic pioglitazone reaches the retina to elicit its effects through activation of the PPAR␥ pathway.
Pioglitazone Treatment Protected against the Loss of ERG Amplitudes in Type 2 Diabetes Obese Rats within 2 Months-Although the ultimate goal of these studies was to evaluate whether pioglitazone could restore normal insulin signaling in type 2 diabetic BBZDR/Wor obese rats, we also wanted to evaluate whether effects of pioglitazone were linked to improved retinal function. To test this, we performed ERG analyses on both lean and type 2 diabetic obese rats prior to initiation of pioglitazone treatment and just prior to sacrifice after 2 months of treatment. Fig. 2 demonstrates that diabetic animals had reduced A-wave, B-wave, and oscillatory potentials prior to treatment. Treatment with pioglitazone significantly improved all wave amplitudes but did not restore amplitudes to the same level observed in lean animals ( Fig. 2 ). This suggests that pioglitazone did improve retinal function, probably through improved glucose tolerance.
Pioglitazone Significantly Reduced TNF␣ Levels in the Retinas of Type 2 Diabetic Obese Rats, Leading to Reduced IRS-1 Phosphorylation-Studies in adipocytes (24) and myeloid progenitor cells (25) suggest that TNF␣ induces insulin Pioglitazone Improves Insulin Signaling SEPTEMBER 19, 2014 • VOLUME 289 • NUMBER 38
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resistance through phosphorylation of IRS-1 on serine 307. We wanted to determine whether pioglitazone could inhibit this insulin resistance pathway. Fig. 3 demonstrates that pioglitazone given to type 2 diabetic BBZDR/Wor obese rats significantly decreased TNF␣ levels, leading to decreased IRS-1 Ser-307 phosphorylation, which should improve insulin signal transduction. These data provide in vivo evidence of PPAR␥ regulation of TNF␣ in the retina in a type 2 diabetic rat model. SOCS3 and IR Were Decreased Significantly after Pioglitazone Treatment in the Retinas of Type 2 Diabetic Obese Rats-In addition to TNF␣ enhancement of phosphorylation of IRS-1 Ser-307 and resulting inhibition of insulin signaling, increased TNF␣ levels can also activate SOCS3 (11) to promote insulin resistance (26) . SOCS3 can inhibit the insulin pathway through phosphorylation of the insulin receptor on tyrosine 960, which blocks the interaction between insulin receptor and IRS-1 (26) . Because pioglitazone was able to significantly reduce TNF␣ levels, we also wanted to investigate whether SOCS3 and IR Tyr-960 levels were attenuated with pioglitazone treatment. Our results show that pioglitazone significantly decreased SOCS3 levels in the diabetic rats, which led to a decrease in the phosphorylation of IR Tyr-960 ( Fig. 4) . This suggests that pioglitazone restores insulin signal transduction, probably through inhibition of both IRS-1 Ser-307 and IR .
Pioglitazone Significantly Increased IGFBP-3 Protein Levels in the Retinas of Type 2 Obese BBZDR/Wor Rats, Probably Associated with Increased Insulin Receptor Activity-Although pioglitazone clearly decreased TNF␣ and SOCS3 actions, we also wanted to measure whether pioglitazone could increase insulin receptor phosphorylation. Additionally, because we recently showed that IGFBP-3 could induce insulin receptor phosphorylation in the retina of diabetic rats, we measured IGFBP-3 levels (27) . Fig. 5 demonstrates that obese animals have reduced IGFBP-3 levels, which are restored with pioglitazone treatment. This is the first demonstration that pioglitazone can regulate IGFBP-3 levels in diabetic rats. Additionally, pioglitazone significantly restored insulin receptor phosphorylation in the type 2 diabetic rats (Fig. 5B ). These results show that pioglitazone probably works in multiple pathways to restore normal glucose levels, through both inhibition of TNF␣ and SOCS3 inhibitory pathways and restoration of insulin-activating pathways. Fig.  6 demonstrate that type 2 diabetic rats have increased apoptotic markers ( Fig. 6, C-E) , which were significantly reduced by pioglitazone treatment. Retinal lysates from the BBZDR/Wor obese rats had decreased antiapoptotic markers, which were increased after pioglitazone therapy (Fig. 6, A and B) . Taken with the other animal findings, these data demonstrate that pioglitazone is highly effective in reducing insulin resistance in whole retina of type 2 diabetic rats, leading to increased survival of retinal cells and improved function.
Apoptotic Markers Were Decreased after Pioglitazone Treatment in the Retinas of Type 2 Diabetic Obese Rats-The key outcome of normal insulin signal transduction is increased phosphorylation of Akt and inhibition of apoptosis. Data in
Pioglitazone Increased PPAR␥ Activity in Both REC and Müller Cells-Pioglitazone was highly effective in protecting whole retinal function and insulin signaling. In order to determine which cell types might be most responsive to pioglitazone actions, we investigated the effects of pioglitazone on insulin signal transduction in both REC and Müller cells cultured in normal and high glucose to mimic diabetic-like conditions. We chose to focus on these cell types because we have previously reported that TNF␣ is key to impaired insulin signaling in both REC (9) and Müller cells (22) . Before we could initiate these studies, we first needed to determine the optimal dose of pioglitazone to increase PPAR␥ activity in each cell type. Because we used 25 mg/kg in vivo, we started cell work in both REC and Müller cells at 25 M pioglitazone. This dose was effective in significantly increasing PPAR␥ activity in REC cultured in high glucose (Fig. 7A) ; however, it did not significantly increase activity in Müller cells. Therefore, we increased the dose of pioglitazone to 50 M pioglitazone and found that this dose was able to significantly increase PPAR␥ activity (Fig. 7B) . In the remaining cell culture studies, we treated REC with 25 M pioglitazone and Müller cells with 50 M pioglitazone to maximize PPAR␥ activation. It is unclear why a higher concentra- tion of pioglitazone is required to significantly increase PPAR␥ activity in rat Müller cells versus human REC. This will be a focus of further studies.
The Pioglitazone-induced Increase in PPAR␥ Activity Led to a Significant Reduction in Apoptotic Markers in Both REC and Müller Cells-Because the key outcome of restoration of normal insulin signal transduction is prevention of apoptosis, the first question we addressed in both REC and Müller cells was whether pioglitazone reduced apoptotic markers (Bax, cytochrome c, and caspase 3) while increasing antiapoptotic markers (Akt and Bcl-xL). We found that in both REC (Fig. 8, A-E) and Müller cells (Fig. 8, F-J) , pioglitazone increased levels of key antiapoptotic factors (Fig. 8, A, B, F, and G) . As would be expected with increased antiapoptotic levels, pioglitazone also decreased proapoptotic proteins in both cell types (Fig. 8, C-E and H-J) . Data suggest that pioglitazone probably protects the retina through reduction of apoptosis in both REC and Müller cells.
Pioglitazone Treatment Reduced TNF␣ and IRS-1 Ser-307 Phosphorylation in Both REC and Müller Cells-We have previously reported that high glucose significantly increased TNF␣ and IRS-1 Ser-307 in both REC (9) and Müller cells (10) , which was associated with increased apoptosis. In this study, we wanted to ascertain whether pioglitazone could reduce the glucose-dependent increase in TNF␣ and IRS-1 Ser-307 in REC and Müller cells. Fig. 9 showed that high glucose increased TNF␣ and IRS-1 in both REC and Müller cells, which matches previously published work. Pioglitazone significantly reduced both TNF␣ (Fig. 9. A and C) and IRS-1 Ser-307 ( Fig. 9 , B-D) in both REC (Fig. 9, A and B) and Müller cells (Fig. 9, C and D) . These data suggest that pioglitazone works to protect retinal cells by blocking TNF␣-induced insulin resistance.
Pioglitazone Treatment Also Significantly Decreased SOCS3 and IR in REC and Müller Cells-To ensure that pioglitazone works similarly in both REC and Müller cells as it did in whole retinal lysates, we also measured SOCS3 and IR Tyr-960 in both cell types after high glucose exposure. High glucose significantly increased both SOCS3 and IR Tyr-960 , as we have reported previously (9, 10) . Based on the reduced TNF␣ levels, it was expected that SOCS3 and IR Tyr-960 would be reduced in both cell types after pioglitazone. Indeed, Fig. 10 demonstrates that pioglitazone significantly reduced SOCS3 (Fig. 10, A and  C) as well as IR Tyr-960 phosphorylation (Fig. 10, B and D) . Combining all of the data presented, pioglitazone restored insulin signal transduction in the retina through a reduction in TNF␣-and SOCS3-induced insulin resistance in both REC and Müller cells. This restoration of normal insulin signaling inhibited apoptosis in retinal cells as well as improved retinal function, as shown by increased ERG amplitudes in treated diabetic rats.
PPAR␥ Antagonist T0070907 Antagonized Pioglitazone Effects on TNF␣, SOCS3, and IR Tyr-1150/1151 on REC and Müller Cells-To verify that actions on insulin signaling occur through pioglitazone activity and not through an alternative pathway, we treated both REC and Müller cells with both pioglitazone as we did above, with some cells pretreated with a highly selective PPAR␥ antagonist, T0070907, at 50 nM for 30 min prior to pioglitazone administration. As a control for these studies to verify that T0070907 is an effective inhibitor of pioglitazone, the PPAR␥ activity assay was completed for REC ( Fig. 11A) and Müller cells (Fig. 11E) , demonstrating that 50 nM T0070907 was effective in reducing pioglitazone actions in the cells. Data demonstrate that pioglitazone decreased TNF␣ (Fig. 11, B and F) and SOCS3 (Fig.  11 , C and G) levels while increasing IR Tyr-1150/1151 (Fig. 11, D and  H) , as we reported above. TNF␣ levels were much higher in the rMC-1 cells, probably due to the new modification of the TNF␣ ELISA from Pierce; however, the PPAR inhibitor had the same actions in both REC and Müller cells. Use of the PPAR␥ inhibitor showed that pioglitazone actions on TNF␣, SOCS3, and IR Tyr-1150/1151 occur through PPAR␥ activities because all pioglitazone actions were inhibited by T0070907. Taken together, these data suggest that pioglitazone regulates insulin signaling through PPAR␥ actions.
DISCUSSION
The major finding of our study is that pioglitazone treatment in vitro of retinal cells cultured in high glucose as well as treatment in vivo of type 2 diabetic BBZDR/Wor rats led to a direct increase in endogenous PPAR␥ and a concomitant decrease in a variety of cell death markers as well as improvement in retinal function. Pioglitazone is known to increase PPAR␥ in other tissues; pioglitazone treatment has been reported to improve insulin sensitivity in patients with type 2 diabetes. The intent of our study was to utilize the BBZDR/Wor rat model and retinal cell culture to establish the mechanisms of action of PPAR␥ in protection of retinal tissue against glucose-induced retinopathy. Our results reported here show that the BBZDR/Wor model exhibits all of the expected features of Type 2 diabetes, as reported by previous work from our laboratory and others, including diabetes-induced changes in TNF␣/SOCS3 path- ways. Thus, the BBZDR/Wor model provided a valid platform for full evaluation of the mechanisms of action of the target drug, pioglitazone.
Our data demonstrate that pioglitazone is effective in increasing retinal PPAR␥ levels in vivo, which in turn protects against cell death associated with diabetic retinopathy. This is in agreement with reports that pioglitazone enhancement of PPAR␥ protects against retinal cell death in a variety of other retinal degeneration models, including the streptozotocin-induced diabetic rat model (2) , the ischemia/reperfusion damage model in rats (28) , and the rat model of optic nerve crush damage (29) . The pioglitazone-induced increase in PPAR␥ activity in whole retina is probably responsible for the improvement in the ERG because others have reported that pioglitazone improved the ERG in the ischemia/reperfusion model in rats (28) . Our results suggest that pioglitazone probably works to increase PPAR␥ activity in the rat retina through increased activity in both REC and Müller cells. We found that high glucose culturing conditions significantly reduced PPAR␥ activity in both human REC and rat Müller cells. Reduced PPAR␥ is linked to increased apoptosis because pioglitazone treatment enhanced PPAR␥ and lowered apoptotic rates in these cells. Others have reported a similar link using bovine retinal endothelial cells (2) . Likewise, the link between PPAR␥ and protection against apoptosis has been shown in the study by Zhang et al., demonstrating that pioglitazone reduced glial fibrillary acidic protein levels, which is indicative of Müller cell activation and also occurs in Müller cells cultured in high glucose conditions (30) . In the rat model of optic nerve crush damage, the authors also report that pioglitazone reduced Müller cell activation (29) . Thus, our observations in BBZDR/Wor rats and in REC and Müller cell culture support these earlier findings and strengthen the view that REC and Müller cells mediate the protective actions of PPAR␥.
Because pioglitazone improves insulin signaling in type 2 diabetic humans, we used our in vivo and in vitro models to determine which PPAR␥ pathways are responsible for restoring insulin signaling, thereby reducing apoptosis and improving retinal function. One of the key proteins involved in inducing insulin resistance is TNF␣ (31, 32) . Our data clearly demonstrate that pioglitazone reduces TNF␣ levels, leading to a reduction in IRS-1 Ser-307 phosphorylation and an increase in insulin receptor resistance through PPAR␥ actions. These findings were observed in vivo as well as in cultured REC and Müller cells treated with pioglitazone. Our findings are in agreement with work in cholestatic rats treated with pioglitazone for gas-tric ulcer (33) . Similar results of decreased TNF␣ after pioglitazone were also noted in the fat tissues of db/db mice (34) .
In addition to a direct action of TNF␣ on insulin resistance through phosphorylation of IRS-1 on serine 307 (24) , TNF␣ can also induce SOCS3, which, in turn, can result in insulin resistance through phosphorylation of insulin receptor on tyrosine 960 (26) . Kanatani et al. (34) report that pioglitazone reduced SOCS3 in db/db mice as well as in 3T3 adipocytes. Additional work in rats maintained on a high cholesterol fructose diet and treated with pioglitazone showed reduced levels of both TNF␣ and SOCS3 in serum as well as hepatic tissues (13) . Taken together, our findings and the findings of others demonstrate that increases in TNF␣ and SOCS3 lead to insulin resistance and that pioglitazone enhancement of PPAR␥ can reverse these effects.
We have previously reported that increased TNF␣ and SOCS3 levels are associated with apoptosis in both REC and Müller cells (9, 10) . Our data suggest that TNF␣/SOCS3 pathways work through insulin receptor resistance to trigger apoptosis. In both REC (9) and Müller cells (10), we have previously shown that insulin receptor resistance blocks induction of the antiapoptotic factor, Akt, and thus triggers apoptosis.
In conclusion, we have used type 2 diabetic BBZDR/Wor obese rats and cell cultures of REC and Müller cells to establish the pathway by which pioglitazone enhances PPAR␥ to block TNF␣/SOCS3-induced insulin receptor resistance and thereby protect diabetic retinal tissue from apoptosis. Additionally, pioglitazone actions to reduce apoptosis and restore insulin signaling in the retina occur in REC and Müller cells, suggesting that these two cell types are key to insulin actions in the retina. These data indicate that pioglitazone is a good insulin-sensitiz- 
